Wnt11 plays a central role in tissue morphogenesis during vertebrate gastrulation, but the molecular and cellular mechanisms by which Wnt11 exerts its effects remain poorly understood. Here, we show that Wnt11 functions during zebrafish gastrulation by regulating the cohesion of mesodermal and endodermal (mesendodermal) progenitor cells. Importantly, we demonstrate that Wnt11 activity in this process is mediated by the GTPase Rab5, a key regulator of early endocytosis, as blocking Rab5c activity in wild-type embryos phenocopies slb/wnt11 mutants, and enhancing Rab5c activity in slb/wnt11 mutant embryos rescues the mutant phenotype. In addition, we find that Wnt11 and Rab5c control the endocytosis of E-cadherin and are required in mesendodermal cells for E-cadherin-mediated cell cohesion. Together, our results suggest that Wnt11 controls tissue morphogenesis by modulating E-cadherin-mediated cell cohesion through Rab5c, a novel mechanism of Wnt signaling in gastrulation.
Introduction
During vertebrate gastrulation, a tightly coordinated series of cellular movements organizes the three germ layers: ectoderm, mesoderm, and endoderm (Stern, 2004) . In zebrafish, gastrulation starts with the internalization of mesodermal and endodermal (mesendodermal) progenitors at the blastoderm margin (Montero et al., 2005; Warga and Kimmel, 1990 ). Mesendodermal progenitors that will give rise to prechordal plate, the anterior-most axial mesendoderm, internalize by syn- For cells to migrate, they have to dynamically modulate cell adhesion in order to build and break contacts during translocation (Lauffenburger and Horwitz, 1996) . Both endocytosis and recycling of adhesion molecules have been suggested as efficient intracellular mechanisms for cells to remodel their adhesive contacts (Le et al., 1999) . The GTPase Rab5 functions as a key component in the regulation of intracellular trafficking both at the level of receptor endocytosis and endosome dynamics (Zerial and McBride, 2001) . Activating Rab5 in cell culture stimulates endocytosis and endosome motility and leads to disassembly of adherens junctions and increased cell migration (Murphy et al., 1996 ; Palacios et al., 2005; Spaargaren and Bos, 1999). These findings suggest a role for Rab5-mediated endocytosis in promoting cell motility.
The prechordal plate in zebrafish is formed by a highly cohesive group of axial mesendodermal progenitor cells that move in a straight path from the germ ring toward the animal pole of the gastrula . The dynamic modulation of cell adhesion is likely to be important for large-scale coordination of prechordal plate progenitor movement as it may allow cells to efficiently assemble into, as well as maintain, a cohesive tissue that shares common migratory properties. We recently found that E-cadherin-mediated cell cohesion-the ability of cells to aggregate into distinct clusters-is required for the coordinated movement of prechordal plate progenitor cells during zebrafish gastrulation (Montero et al., 2005) . In this study, we address the role of Rab5c-mediated cell adhesion dynamics as one possible target mechanism by which Wnt11 controls mesendodermal cell cohesion and migration, and we present evidence for E-cadherin to function downstream of Wnt11 in this process.
Results

Wnt11-Dependent Control of Prechordal Plate Movement
In zebrafish slb/wnt11 mutants, prechordal plate progenitors, once internalized, exhibit reduced movements from the axial germ ring (shield) toward the animal pole of the gastrula . To visualize where and when this movement phenotype arises, we recorded time lapse movies of cellular rearrangements within the shield of wild-type and slb mutant embryos beginning at the onset of gastrulation. In wild-type embryos, prechordal plate progenitors moved both toward the overlying epiblast cell layer and along it toward the animal pole (Figures 1A-1C ; Movie S1). slb prechordal plate progenitors also moved normally toward the epiblast; however, in contrast to wild-type, the movement velocities toward the animal pole were slower and cells often moved in the opposite direction toward the vegetal pole ( Figures 1D-1G and data not shown; Movie S2). This difference in animal pole-directed movement between wild-type and slb/wnt11 mutant prechordal plate progenitors was independent of contact with the overlying epiblast ( Figure 1H ), suggesting that Wnt11 is equally required for the movement of cells within the forming prechordal plate and at the interface between prechordal plate and epiblast.
Prechordal plate progenitors assemble into a cohesive tissue within which the individual cells follow highly aligned movement tracks projecting toward the animal pole (Montero et al., 2003; Ulrich et al., 2003) . To determine whether Wnt11 controls alignment of prechordal plate progenitor movement tracks relative to each other, we compared the "coherence" of cell movements at the leading edge of the forming prechordal plate from wild-type and slb/wnt11 mutant embryos ( Figures  1I and 1J ). The coherence of prechordal plate progenitor cell movements at the onset of gastrulation was reduced in slb/wnt11 mutant embryos compared to wildtype controls ( Figure 1K ). This suggests that Wnt11 is required to align the movement of individual prechordal plate progenitors and that this alignment might represent a way by which Wnt11 efficiently coordinates prechordal plate progenitor movement toward the animal pole.
Role of Wnt11 and E-Cadherin for Mesendodermal Cell Cohesion
The ability of prechordal plate progenitors to assemble into and persist as a cohesive tissue-via regulation of their adhesive properties-is likely to constitute an important mechanism by which individual cell movements within the prechordal plate are aligned. To examine whether Wnt11 might control alignment of prechordal plate progenitor movement by regulating the cohesion of these cells, we compared the aggregation behavior of wild-type versus slb/wnt11 mutant mesendodermal cells cultured on fibronectin (for details, see Experimental Procedures). During the first 6 hr in culture, nearly all wild-type mesendodermal cells formed both small (<10 cells) and large (>10 cells) confluent cell aggregates (Figures 2A and 2E) . In comparable slb/wnt11 mutant cell cultures, the relative amount of large aggregates was reduced, while the amount of small aggregates was significantly increased as compared to wild-type cultures (p < 0.001; Figures 2C and 2E ). This suggests that Wnt11 is required for efficient cohesion of mesendodermal cells in culture.
We have previously shown that E-cadherin-mediated cohesion between mesendodermal cells is required for the movement and spreading of these cells during gastrulation (Montero et al., 2005 To obtain insight into the cellular mechanisms that underlie Wnt11-mediated cohesion of mesendodermal cells, we analyzed the aggregation behavior of mesendodermal cells in culture using 4-D confocal microscopy. We observed that mesendodermal cells initially formed loosely associated spread out clusters of cells that, over a period of 60 min, transformed into confluent, rounded up cell aggregates (Figures 2F-2K wnt11 nontransgenic embryos that originated from the same transgenic mosaic founder fish to minimize genetic background variability in cadherin stainings and to be able to analyze the effects of Wnt11 in a predefined time window at the onset of gastrulation (for details, see Experimental Procedures). In ectodermal and mesendodermal progenitors cells within the germ ring margin of slb/wnt11 mutant embryos, E-cadherin recognized by specific zebrafish E-cadherin antibodies (Babb and Marrs, 2004) was predominantly localized to the plasma membrane and in a few cytoplasmic dots ( Figure 3A ; ratio of plasma membrane/cytoplasmic E-cadherin staining = 1.75 ± 0.25; data not shown). In contrast, when Wnt11 expression was induced at the onset of gastrulation in slb-hs-wnt11-HA transgenic embryos, E-cadherin showed irregular plasma membrane staining and appeared in more cytoplasmic dots ( Figure  3D ; ratio of plasma membrane/cytoplasmic E-cadherin staining = 1.66 ± 0.23; p < 0.001). This indicates that Wnt11 expression leads to changes in the subcellular localization of E-cadherin from the plasma membrane into cytoplasmic dots. Importantly, the differences in E-cadherin subcellular distribution were not accompanied by recognizable changes in the overall expression levels of E-cadherin (data not shown), nor did they lead to recognizable changes in the intracellular localization of other membrane-associated proteins such as GAP43-GFP and Strabismus-HA (for differences in ratio of plasma membrane/cytoplasmic staining, p > 0.05 for both GAP43-GFP and Strabismus-HA; Figure S1 ). nario is that Wnt11 induces endocytosis and/or recycling of E-cadherin as a mechanism to promote cellcell contact dynamics. To test this hypothesis, we first determined whether the previously described cytoplasmic dots containing E-cadherin are endocytic. To mark endocytic vesicles, we injected mRNA coding for a YFP-fusion of the zebrafish GTPase Rab5c, a highly conserved key regulator of endocytosis (Zerial and McBride, 2001 ) that has previously been shown to label endocytic vesicles and early endosomes in gastrulating zebrafish cells (Scholpp and Brand, 2004) . When comparing slb/wnt11 mutant embryos with slb-hs-wnt11-HA embryos expressing Wnt11 at the onset of gastrulation, we found that in slb/wnt11 mutants, 5.25 ± 2.70 E-cadherin-positive dots per cell colocalized with Rab5c ( Figures 3A-3C and 3G) , while in slb-hs-wnt11-HA embryos, the number of colocalizing E-cadherin dots was significantly increased (9.11 ± 4.27; p < 0.001; Figures 3D-3G) . In contrast, the size and/or shape of double-positive vesicles remained unchanged upon expression of Wnt11 in slb/wnt11 mutant embryos, suggesting that Wnt11 does not interfere with vesicle morphology (Figures 3A-3F ; data not shown). This indicates that Wnt11 expression leads to an increase in the proportion of Rab5c-positive endocytic E-cadherin vesicles.
To determine whether Rab5 is involved in Wnt11-mediated endocytosis of E-cadherin, we first activated Rab5c-mediated endocytosis in slb/wnt11 mutants by overexpressing an activated form of rab5c (da-rab5c; for details, see Experimental Procedures; Pelkmans et al., 2004). When da-rab5c-YFP mRNA was overexpressed in slb/wnt11 mutant embryos, the amount of double-positive vesicles per cell was increased 3.70 ± 2.15 times compared to slb/wnt11 mutant embryos injected with rab5c-YFP mRNA (p < 0.001; n = 60 cells from 10 embryos; Figures 3H-3J ), suggesting that Rab5c is able to promote E-cadherin endocytosis in slb/wnt11 mutant embryos. In addition, the fluorescence intensity sum of double-positive vesicles significantly increased in slb/wnt11 mutant embryos overexpressing da-rab5c-YFP as compared to nonexpressing slb/wnt11 control embryos (p < 0.001; data not shown), indicating that da-Rab5c promotes both number and intensity of E-cadherin/Rab5c double-positive vesicles. We next tested whether inhibiting Rab5c-mediated endocytosis blocks the previously observed Wnt11-mediated decrease in the ratio of membrane-bound to cytoplasmic E-cadherin staining. Injecting slb-hs-wnt11-HA embryos expressing Wnt11 at the onset of gastrulation with rab5c-MO (for details, see Experimental Procedures) efficiently blocked the decrease in the ratio of membrane-bound to cytoplasmic E-cadherin staining previously observed in these embryos (ratio of plasma membrane/cytoplasmic E-cadherin staining = 1.70 ± 0.21 in uninjected slb-hs-wnt11-HA embryos versus 1.86 ± 0.25 in slb-hs-wnt11-HA embryos injected with 8 ng rab5c-MO; p < 0.01; n = 42 cells from 7 embryos; Figures 3K-3M ). These data indicate that Rab5c can function as a mediator of Wnt11 in regulating E-cadherin endocytosis.
To further address whether Rab5c can also function as a mediator of Wnt11 modulating mesendodermal cell cohesion in culture, we tested both whether knocking down Rab5c activity in wild-type cells leads to a similar aggregation phenotype as previously observed with slb/wnt11 mutant cells and whether activating Rab5c in slb/wnt11 cells can rescue the mutant phenotype. When rab5c-MO was expressed in mesendodermal cells, the relative amount of nonconfluent aggre- gates was significantly increased, while the fraction of small confluent aggregates was significantly decreased as compared to untreated wild-type controls (p < 0.01; Figures 4A, 4B, and 4E) . Conversely, expressing daRab5c in slb/wnt11 mutant cells significantly increased the fraction of large confluent aggregates at the expense of small confluent aggregates as compared to uninjected slb/wnt11 cells (p < 0.001; Figures 4C-4E ). These findings indicate that Rab5c can function as a mediator of Wnt11 in regulating mesendodermal cell cohesion in culture.
To determine whether Rab5c can also interfere with Wnt11-mediated tissue morphogenesis in vivo, we tested whether the slb/wnt11 prechordal plate movement defect can be phenocopied and rescued by manipulating Rab5c activity. Wild-type embryos injected with rab5c-MO frequently showed a posteriorly displaced and elongated prechordal plate at the end of gastrulation, thus phenocopying the slb/wnt11 mutant phenotype (Figures 5A and 5B Eight nanograms of rab5c-morpholino (MO) and 200 pg, 100 pg, and 100 pg of RNtre, cytoplasmic GFP, and da-rab5c mRNA, respectively, were injected into one-cell stage embryos; 50 pg dn-dyn mRNA was injected into one-to two-cell stage embryos. slb-hs-wnt11-HA and slb/ wnt11 nontransgenic control embryos were heat-shocked at early shield stage for 20 min at 39°C (for details, see Experimental Procedures). Embryos classified as "slb" displayed an elongated, posteriorly displaced prechordal plate at the end of gastrulation (bud stage), and embryos classified as "abnormal" showed other variable defects in morphogenesis of prechordal plate and notochord.
rab5c-, dn-dyn-, and RNtre mRNA or rab5c-MO (Table  1) did not lead to any evident changes in patterning of the gastrula as monitored by the expression of various marker genes for dorsoventral patterning and mesendodermal induction in the injected embryos ( Figure S2 ). Furthermore, although we observed consistent and reproducible phenocopy/rescue of the prechordal plate phenotype by modulating Rab5c activity, we were unable to influence the slb/wnt11 notochord phenotype, suggesting that the notochord is less sensitive to changes in Rab5c activity (Table S1 ). Taken together, these data indicate that Rab5c can function as a mediator of Wnt11 to determine prechordal plate morphogenesis during gastrulation. . We then tested this cell probe on E-cadherin-decorated substrates by first pressing the cell on the substrate for various contact times and then pulling it away from the substrate and recording the de-adhesion forces needed to completely dissociate the cell from the substrate ( Figure 6A ; for details, see Experimental Procedures). The specificity of our measurements was determined by knocking down E-cadherin in mesendodermal cells and adding EGTA and indole-3-acetic acid (IAA) to the culture medium to inhibit cadherin binding ( Figure 6B ). We observed a significant decrease in the de-adhesion forces needed to dissociate wild-type versus slb/ wnt11 mutant cells from E-cadherin substrates for contact times ranging from 1 to 5 s, suggesting that Wnt11 is required for proper adhesion of mesendodermal cells to E-cadherin ( Figure 6C ). This reduction of de-adhesion forces in slb/wnt11 mutant embryos was completely rescued by expressing low amounts of slb/ wnt11 mRNA (10 pg/embryo) in mutant cells ( Figure  6C ), supporting the specificity of the observed phenotype. Similarly, there was a significant decrease in the de-adhesion forces measured for dissociation of wildtype versus rab5c-MO-expressing cells for contact times ranging from 1 to 5 s, indicating that Rab5c is also needed for adhesion of mesendodermal cells to E-cadherin ( Figure 6C ). Taken together, these data provide evidence that Wnt11 and Rab5c are needed for proper adhesion of mesendodermal cells to E-cadherin, thereby supporting our hypothesis that Wnt11 and Rab5c modulate cell cohesion and tissue morphogenesis through E-cadherin.
Wnt11 and Rab5 Function in Adhesion of Mesendodermal Cells to E-Cadherin
Discussion
We provide evidence that Rab5c mediates Wnt11 control of mesendodermal cell cohesion and migration. Furthermore, we show that Wnt11 and Rab5c regulate the endocytosis of E-cadherin and are both required for E-cadherin-mediated cohesion of mesendodermal cells. These results suggest that Wnt11 controls prechordal plate progenitor migration by modulating E-cadherin-mediated cell cohesion through Rab5c, a novel mechanism by which Wnt11 functions in gastrulation.
Our previous findings demonstrated that in zebrafish, prechordal plate progenitors, after internalizing at the germ ring margin, exhibit active migratory behavior toward the animal pole of the gastrula using the overlying ectoderm as a substrate on which to migrate ( We now show that Wnt11 and E-cadherin functionally interact during zebrafish gastrulation and that Rab5, a key component in the regulation of intracellular trafficking both at the level of receptor endocytosis and endosome dynamics (Zerial and McBride, 2001) , is involved in this process. There are different possibilities of how Wnt11 controls E-cadherin activity through Rab5. One possibility is that Wnt11 promotes Rab5c-mediated endocytosis and recycling of E-cadherin to regulate the dynamics of E-cadherin turnover at the plasma mem-brane. Alternatively, Wnt11 might regulate Rab5-dependent actin remodeling, which secondarily could affect the adhesive and cohesive properties of mesendodermal cells. The observation from this study, that E-cadherin is endocytosed in response to Wnt11 and Rab5c, suggests that Wnt11 modulates E-cadherin dynamics through endocytosis and recycling.
We further propose in this study that a Wnt11-mediated increase in cadherin dynamics regulates the cohesive and migratory activity of mesendodermal progenitors. For a group of cells to adhere and rearrange into coherent clusters, they must not only be able to stick to each other but also to dynamically disassemble and reassemble adhesion complexes. This becomes even more important for migrating cells that need to rapidly de-adhere and re-adhere in order to translocate over their substrate. Endocytosis and recycling of adhesion molecules, including E-cadherin, are likely to be involved in these processes as they represent key components for junction formation and remodeling (Le et al., 1999) We also suggest in this study that E-cadherin functions as one target molecule through which Wnt11 controls prechordal plate progenitor migration during gastrulation. Previous work has shown that E-cadherin is the prime classical cadherin expressed at the onset of zebrafish gastrulation, and that it is required for mesendodermal cell cohesion and migration (Babb and 
Experimental Procedures
Embryo Maintenance Fish maintenance and embryo collection was carried out as described (Westerfield, 2000) . To reduce genetic background variability in our mutant analysis, we only compared homozygous slb/ wnt11 tx226 carriers either with TL wild-type fish (cell cohesion and movement assays) or with slb/wnt11 tx226 hs-wnt11-HA transgenic carriers that originated from the same transgenic mosaic founder fish (E-cadherin antibody stainings). The fluorescein-coupled rab5c-MO (5#-CGCTGGTCCACCTCGC CCCGCCATG-3#) was directed against the 5#-UTR and tested for specificity by coinjection with da-rab5c-YFP mRNA, which efficiently rescued the morphant phenotype (data not shown). Throughout this study, we exclusively used rab5c, given that only rab5c, but not rab5a and rab5b, was both expressed during gastrulation and showed a clearly recognizable gastrulation phenotype when "knocked down" (data not shown). The membrane-to-cytosol ratio was calculated on single z-planes using ImageJ by dividing the average staining intensity at the plasma membrane by the average staining intensity within the cytoplasm (excluding the nucleus). For colocalization experiments, double-positive vesicles were only counted when they showed clear overlap and similar morphology. We exclusively analyzed epiblast cells because epiblast and hypoblast cells exhibited a very similar pattern of E-cadherin localization, but epiblast cells were more superficially located within the germ ring and therefore easier to image and quantify (data not shown). Confocal sections were scanned with gain and offset of the photomultiplier tubes set below saturation. The signal intensity for injected rab5c-YFP was set to achieve an optimal signal-to-noise ratio between rab5c-positive vesicles and cytoplasmic background staining. To analyze significance, p values were determined in Microsoft Excel using an unpaired t test with a two-tailed distribution.
RNA and Morpholino Injection
Antibody and In Situ Staining
Generation of Transgenic Lines
Linearized hs-wnt11-HA and GFP constructs were purified with the QIAquick PCR Purification kit (Qiagen, Hilden, Germany) and dialyzed overnight against 0.5× Tris-EDTA buffer. Two hundred fifty picograms of each construct was coinjected into early one-cell stage embryos of homozygous slb/wnt11 fish as previously described (Gilmour et al., 2002) . The slb-hs-wnt11-HA transgenic founder line was identified on the basis of GFP expression of the progeny and the F1 generation was screened by Western blotting and whole-mount staining using α-HA antibodies. Experiments were performed with progenies of homozygous transgene carriers of the F2 generation. For heat-shock experiments, homozygous slb-hs-wnt11-HA carriers were heat-shocked for 20 min in 39°C, left for 30 min at 28°C, and then fixed for further processing. With this regime, we were able to detect strong Wnt-HA expression (Figure S3) and to efficiently rescue the slb/wnt11 mutant phenotype at the end of gastrulation (Table 1) . 
Cell Culture
AFM Setup
We used a JPK Nanowizard atomic force microscope (JPK Instruments, Berlin, Germany) on top of an Axiovert 200 inverted microscope (Carl Zeiss, Jena, Germany). The AFM has a linearized piezo electric ceramic with a 15 m range and an infrared laser. We used 320 m long cantilevers, with a nominal spring constant of 10 pN/ nm (Microlevers, MLCT-AUHW, Veeco, Mannheim, Germany). We calibrated sensibility and spring constant of each cantilever prior to each experiment using built-in routines of the JPK software.
Cantilever and Surface Decoration (AFM)
Cantilevers were plasma cleaned using residual air plasma. They were then functionalized using biotinylated BSA, and incubated in streptavidin and biotinylated ConA. Cantilevers were always kept wet to ensure the integrity of the surface (Puech et al., 2005) . Clean glass slides were plasma activated for 1 min and then incubated overnight at 37°C with 0.5 mg/ml biotinylated BSA in 100 mM NaHCO 3 buffer (pH 8.6), 45 min with 0.5 mg/ml streptavidin in PBS, 1 hr with 0.5 mg/ml biotinylated protein A, and finally 3 hr with 50 g/ml Fc-tagged E-cadherin from mouse in PBS with 5 mM EGTA. In between steps, surfaces were extensively washed using the buffer used in the next incubation. Prior to use, the nonbound proteins were removed by extensive washing, first with PBS/CaMg, then with fresh DMEM. All chemicals were obtained from SigmaAldrich (Steinheim, Germany).
Cell Capture, Adhesion Experiment, and Data Processing (AFM) Single cells plated on cadherin surfaces were captured as previously described (Puech et al., 2005) using a ConA-decorated cantilever. The cell-cantilever couple was then lifted from the surface (several tens of m) and the cell was allowed to establish a firm adhesion on the lever for about 5 to 10 min. After this, the approach and retraction speeds were set to 3.7 m/s, the pulling range to 4.5 m, the contact time between 0 and 5 s, and the contact force to w300 pN. The complete procedure is summarized in Figure 6A . Five to seven force curves were acquired for each cell for a given contact time, and the cell was subsequently allowed to recover far from the surface for several minutes, before testing a different spot on the surface and/or different contact times. No separation of the captured cell from the cantilever was observed during the pulling experiments, in agreement with previously published results (Wojcikiewicz et al., 2004). Several tens of force curves were acquired per cell and forces did not show clear tendencies depending on the substrate spot tested. To extract the relevant parameters along the retrace curves ( Figure 6A ), postprocessing with home-programmed procedures using Igor Pro 4.09 (Wavemetrics, Lake Oswego, OR) was employed. This software was also used to extract the means and standard deviations of the data sets and we used built-in procedures of KaleidaGraph (Synergy Software, Reading, PA) for running ANOVA-Tukey HSD tests.
IAA and EGTA Controls (AFM)
Cells were incubated 30 min prior to the AFM measurements with 15 mM tryptophan analog indole-3-acetic acid (IAA; Sigma-Aldrich) as previously described (Perret et al., 2002) . During all force measurements, the cells were kept in the presence of the blocking molecule.
Calcium suppression experiments were conducted in the presence of 5 mM EGTA.
Supplemental Data
Supplemental Experimental Procedures, figures, table, and movies are available at http://www.developmentalcell.com/cgi/content/ full/9/4/555/DC1/.
